Abstract. This paper presents an analytical approach to the design of a high-force density double-sided linear switched reluctance motor (LSRM). The design is based on an analytical formulation of the average propulsion force determined using the non-linear energy conversion loop, in which the unaligned magnetization curve is assumed to be a straight line and the aligned magnetization curve is represented by two straight lines. The main dimensions of the LSRM are determined in accordance with the machine requirements, the proposed average propulsion force formula and the geometrical relationships that were presented in a previous paper. The present paper uses two dimensional finite element analysis that has been corrected to take into account the end effects in order to refine and/or to validate the proposed design. Finally an LSRM prototype was built following the proposed design and was verified by experimental measurements.
Introduction
Linear Switched Reluctance Motors (LSRMs) are becoming increasingly attractive candidates for use as linear drives for several reasons: they only have concentrated windings on the stator or translator, they are ruggedly built, they have low expected manufacturing costs, and they have good fault-tolerance capability [1] . LSRMs can be classified as transverse flux or longitudinal flux. With transverse flux LSRMs, the plane that contains the flux lines is perpendicular to the line of movement. Reference [2] presents a design procedure for transverse flux LSRMs. In longitudinal flux LSRMs, the plane that contains the flux lines is parallel to the line of movement. Reference [3] describes a design procedure for longitudinal flux LSRMs. Other types of longitudinal flux LSRMs are presented in [4] , with coupled flux paths, and in [5] with uncoupled flux paths for a magnetic levitation system. Reference [6] analyzes a high-force longitudinal flux double-sided double-translator LSRM. Recently, longitudinal LSRMs have been proposed for applications such as precise motion control ( [7] , [8] ), as propulsion systems for railway vehicles [9] and for vertical elevators ( [10] , [11] [12] ). The purpose of this paper is to give an analytical approach to the design of LSRMs. The study focuses solely on longitudinal flux LSRMs for high force density applications; therefore, transverse LSRMs are outside the scope of this study. The paper is organized as follows: Section 2 proposes a formula for determining the LSRM's average propulsion force on the basis of the energy conversion loop. Section 3 outlines the design procedure and applies it to a specific LSRM. Section 4 presents the two dimensional finite element analysis corrected according to the end effects. Section 5 describes the experimental validation. Section 6 presents the conclusions drawn from this research.
Analytical approach
This study was conducted using a high-force density LSRM. This LSRM consists of M series connected modules, each one formed by a poly-phase double-sided magnetic structure with N p active poles per side and N s passive poles per side. Fig. 1 
Where, Average propulsion force can be calculated using an idealized non-linear energy conversion loop in which the unaligned magnetization curve is assumed to be a straight line and the aligned magnetization curve is represented by two straight lines [13] . This simplified model accounts for the saturation effect and is described in Fig. 2 
Where k d is the magnetic duty cycle factor defined as k d =x c /S and S is the distance between the aligned and unaligned positions given by: Fig. 2 the following expressions can be derived:
Inserting (6) and (7) into (5) and operating:
At point B (see Fig. 2 ) the poles are fully aligned and therefore:
Where N I is the number of coils per pole, N pp the number of stator poles per phase and B p the magnetic flux density in the stator pole.
The total ampere-turns per slot (N 1 ·I B ) can be expressed, with the slot fill factor (K s ), by means of the current density peak ( J B ) by:
Inserting (10) and (11) 
The number of stator poles per phase (N pp ) in a doublesided LSRM is 4 (see Fig. 1 ). The double-sided LSRM has the advantage that the translator does not support electromagnetic normal force; therefore the mechanical losses due to friction are minimal, whereas in the singlesided LSRM the normal force between stator and translator can reach more than 10 times the propulsion force.
Inserting (12) in (3) and using (1), the average propulsion force per phase is:
In order to obtain dimensionless variables, the geometrical variables depicted in Fig. 1 are normalized by the stator pole pitch (T P ), which obtains:
Consequently, (13) can be rewritten as:
The influence of the geometrical parameters on the force profile of a double-sided LSRM has been investigated in [14, 15] . If the maximum average force has to be an optimizing factor, the following rules concerning the geometrical parameters could be useful:
1 
The magnetic flux density in the stator pole, B p , is conditioned by the maximum value at which laminations reach magnetic saturation. The current density, J B , strongly depends on operating conditions and cooling facilities.
Design procedure
When designing an LSRM, the parameters and dimensions which define the motor and the power converter are fixed in order to verify certain previously defined requirements (i.e. number of phases, force, speed) and constraints (i.e voltage, temperature rise and some specific dimensions). Once the requirements and constraints have been established, by means of equation (20) and following the guidelines given in Section 2, the main dimensions of the LSRM are derived. The maximum flux linkage at point B (see Fig. 2 
Then from equation (10) the number of turns per pole is given by:
A four phase (N p = 8, N s = 6) double-sided linear switched motor was designed in order to illustrate the proposed procedure. The average force propulsion was 25 N, the speed (u b ) was 17 m/s, voltage (V b ) was 12 V and the power converter was a classic converter. The main dimensions obtained following the aforementioned procedure are shown in Table II . 
Finite element analysis
After the dimensions have been fixed (as described in Section 3), they need to be refined or validated. The best process for this is two dimensional finite element analysis (2D FEA) that has been adjusted in accordance with the end effects. End effects in 2D FEA are taken into account by means of the end-effects coefficient, K ee , which depends on the current density (J) and position (x), given by:
Where Ψ 2D and L 2D are the flux linkage and the inductance obtained in 2D FEA and Ψ 3D and L 3D are the 3D flux linkage and the inductance approaches that account for the end effects and are most similar to the measured values. The correction factor K ee is defined as [16] :
Where L end is the end-winding inductance, K si is a factor that affects L end due to the steel imaging effect and K f is the axial fringing factor. K si can usually be omitted (K si = 1) since its effect on L end is generally less than 2%. Endwinding inductance, L end, can be analytically deduced from end-winding geometry or can be computed by means of an axis-symmetrical 2D finite element model [17] . 
Then, the propulsion force, including the end effects, is obtained by:
The influence of the end effects on the propulsion force is clearly shown in Fig.5 . 
Experimental results
The LSRM was tested in order to evaluate the proposed design procedure. A test setup was built to perform the experimental measurements ( Fig. 6 and Fig. 7 ). The flux linkage-current curves were obtained following the procedure described in [18] . Fig. 8 compares the results obtained with the proposed procedure, 2D FEA (corrected according to the end effects), and the experimental test of magnetization curves (Ψ 3D vs. I) in the aligned and unaligned positions. Fig.9 shows the measured force versus the values derived from equation (28). Finally, the average force propulsion values are listed in Table III . 
Conclusion
This paper presents an analytical approach to the design of a high-force density double-sided linear switched reluctance motor (LSRM). The design is based on an analytical formulation of the average propulsion force determined using the non-linear energy conversion loop. Main dimensions of the LSRM are determined according to the machine requirements, the proposed average propulsion force formula and the geometrical relationships that were presented in a previous paper. 2D FEA corrected in order to take into account the end effects is used to refine and/or to validate the proposed design. Finally an LSRM prototype was built according to the proposed design. Experimental tests validated the proposed procedure.
